The extant literature finds that children with type 1 diabetes mellitus (T1D) experience mild cognitive alterations compared to healthy age-matched controls. The neural basis of these cognitive differences is unclear but may relate in part to the effects of dysglycemia on the developing brain. We investigated longitudinal changes in hippocampus volume in young children with early-onset T1D.
As glucose is the brain's primary energy source, 4 ,5 extreme fluctuations in blood glucose as experienced by children with type 1 diabetes mellitus (T1D) represents a potential threat to neural development.
Indeed, despite careful monitoring of insulin dosing, diet and activity, most children with T1D have difficulty maintaining optimal levels of blood glucose. 6 Given these issues, studies of cognition and behavior in children with T1D have received increased attention over the last decade. [7] [8] [9] The extant literature finds that children with T1D, especially those with early-onset T1D or histories of severe dysglycemia, experience mild intellectual and memory deficits compared to controls without diabetes of a similar demographic. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The neural basis of these alterations in cognition is unclear but may relate in part to the effects of dysglycemia on the hippocampus, an area critical to learning and memory. 17 Insulin receptors and insulin-sensitive glucose transporters are densely populated in this region, 18, 19 making it a viable target for the study of T1D effects on the developing brain. Rodent models of streptozotocin-induced experimental diabetes show that chronic dysglycemia results in learning and memory deficits and that these changes are coupled with apoptosis of neurons in the CA1 and CA3
hippocampal subfields. [20] [21] [22] [23] Furthermore, hyperglycemia has been found in animal studies of T1D to be associated both with structural changes of hippocampal neurons as well as impaired long-term spatial memory. 24 Neuroimaging studies of children with T1D also point to glycemic effects on hippocampal structure, 25, 26 with early onset of diabetes shown to be associated with apoptosis of hippocampal pyramidal cells 27 and severe hypoglycemic episodes with abnormal enlargement of the hippocampus. 28 While these findings suggest that chronic dysregulation of blood glucose levels contribute to alterations in the development of the hippocampus, no studies to our knowledge have attempted a focused, longitudinal investigation of this structure in young children with T1D.
Using high-resolution structural magnetic resonance imaging (MRI) in conjunction with continuous glucose monitoring (CGM), we evaluated the association between hippocampal volume change and exposure to dysglycemia in a large (N = 211) sample of diabetic and non-diabetic children followed over the course of 18 months. We hypothesized that a diagnosis of T1D in young children would be associated both with decreased hippocampal volume at baseline as well as reduced hippocampal growth over time. Additionally, we hypothesized that smaller longitudinal gains in hippocampus volume would be correlated with increased exposure to dysglycemia.
| METHODS

| Participants
The study was conducted after institutional review board approval at all centers, and informed written consent was obtained. Participants Children with T1D (N = 143) and healthy, non-diabetic control children (N = 69) between the ages of 4 and 10 years were enrolled in the study (see File S1, Supporting Information for details on study recruitment, and inclusion and exclusion criteria). Usable imaging data were acquired from 142 individuals with T1D and 65 control participants.
| MRI acquisition
All participants were prepared for unsedated MRI scans through scan simulations as previously described. 29 Glucose levels were monitored for participants with T1D immediately before and after each scan session to ensure the glucose level was between 70 and 300 mg/dL. These 2 measurements were averaged together to compute the blood glucose level at the time of scan. T1-weighted images of the brain were acquired using a Siemens 3 T Tim Trio whole body MR systems with a 12-channel head coil. Details on scanning and the assessment of inter-scanner reliability are presented in File S1.
| Hippocampus delineation
An initial segmentation of the hippocampus was obtained with Free- 
| Glycemic measures
Within the T1D group, glycated hemoglobin (HbA1c) was determined every 3 months between the baseline and 18-month follow-up evalu- 
| Associations between hippocampus volume and glycemic measures
Associations between hippocampal volume, incremental HbA 1c AUC 6% , age of T1D onset, T1D duration, blood glucose at scan and CGM measures of hyperglycemia (AUC180), hypoglycemia (AOCBelow70) and glycemic variability (SD and MAGE) within the T1D group were explored in secondary analyses by including each 3 | RESULTS
| Participants
There were no significant differences between the T1D and control groups in age, t(205) = 0.285, P = .776, or sex, χ 2 = 1.27, P = .196
( Table 1 ). The duration of time between baseline and follow-up scans was slightly higher in the control (1.53 AE 0.07 years) relative to the T1D group (1.47 AE 0.09 years), t(205) = 5.112, P < .001. Although the interval between scans was significantly longer in the control group, the absolute difference is equivalent to only 23 days and is not felt to be clinically significant. Body mass index (BMI) percentile was significantly higher in the T1D group, t(93.9) = −3.225, P = .002.
Fourteen sibling pairs were included in the study sample; 13 pairs were discordant for T1D and 2 participants without T1D comprised another pair. As we describe below, analyses were conducted to assess the influence of these variables on our primary findings.
Blood glucose at the time of scan was similar at both study time points, F(1,139) = 0.007, P = .934. Within-subject differences in blood glucose levels between scan time points ranged from −240.5 to 190.0 mg/dL. Sex was a significant predictor of blood glucose at scan, F(1,138) = 5.474, P = .021; higher mean blood glucose at scan was present in males (184.3 AE 41.5 mg/dL) relative to females (167.6 AE 39.2 mg/dL), even though the HbA1c levels were well matched across the sexes. The interaction of sex and time was not significant, F(1,138) = 0.011, P = .915, indicating that sex differences in glucose at scan were stable across time points. Sex was not a significant predictor of DKA, age of onset, T1D duration, avgMean, lifetime HbA 1c AUC 6% , AUC180, AOCBelow70, SD or MAGE. 
| Volumetric analyses
| Secondary analyses with glycemic and illness variables
Within the T1D group, a significant interaction of time and incremental HbA 1c AUC 6% was observed, F(1,133) = 7.412, P = .007 ( Figure 2 ). and 49 sibling control subjects, aged 7 to 17 years. 28 Similarly, Aye et al 31 observed no differences in hippocampus structure between 25 children with T1D and 16 healthy control children, aged 3 to 10 years.
In a study of adults, Lobnig et al 14 found no volumetric differences between 13 participants with T1D and 13 healthy age-matched con- for a review). It has been suggested that such events may be triggered by a single upstream occurrence of mitochondrial overproduction of reactive oxygen species, or oxidative stress. 33 In line with this formulation, markers of oxidative stress, such as 8-iso prostaglandin F 2α ), are abnormally increased in patients with T1D, 34, 35 and improvements in the control of blood glucose levels result in a reduction of these markers. 35 Moreover, spatial learning, a hippocampaldependent cognitive function, is impaired in streptozotocin-diabetic rats 36 and improves following treatments that reduce oxidative stress in the hippocampus. The current study is the first, to our knowledge, to report on a sexspecific effect of T1D on brain structure. However, because blood glucose levels at the time of scan were higher in boys versus girls in our T1D sample, we cannot exclude the possibility that this finding was at least partially influenced by glucose-related hydration effects on the brain. Indeed, excess blood glucose is a known cause of dehydration in children with diabetes and studies of healthy adults show that dehydration is associated with significant, reversible reductions in brain tissue volume. 43, 44 Interactions between sex and diagnosis have nevertheless been noted in some prior cognitive studies of T1D. Schoenle et al 45 found that boys with early-onset T1D showed declines in IQ relative to boys with later onset T1D and to females with an early-or later-onset.
Similarly, Ghetti et al 46 found that males with T1D performed significantly worse on 2 measures of memory relative to females with T1D.
And, Fox et al 47 found that girls, but not boys, with T1D made expected gains in verbal learning over time. Whether these differences in cognition may be caused by sex-specific alterations in hippocampal volume or blood glucose is unknown. Additional research that is designed to clarify the influence of sex and blood glucose levels on cognition, and glucose-related dehydration effects on brain volume in T1D would be helpful in teasing apart the effects of these factors.
The current study had minor limitations. First, this study did not consider the association between hippocampal volume and performance on measures assessing cognitive and behavioral domains putatively subserved by this brain region. Second, MAGE and total hyperglycemia exposure in our participants were significantly correlated. Thus, we cannot determine with certainty from the current study whether one or both measures were driving slower hippocampus growth in children with T1D. Additional studies will be required to more robustly address glycemic contributions to changes in brain structure. Third, because power calculations were not conducted a priori, we cannot exclude the possibility of type II error. Fourth, although supplementary analyses suggest that our primary study findings were not influenced by state-related effects of blood glucose at scan, we cannot exclude the possibility that hippocampal volumes were influenced by glucose-related hydration effects. Future studies that directly address the influence of glucose-based changes in hydration on brain volume in the context of T1D are needed.
In summary, in this first-ever focused longitudinal study of the hippocampus in T1D, we found that, although overall hippocampal volume did not differ between children with T1D and healthy control children, greater severity of glycemic variability as well as increased exposure to hyperglycemia among affected children were associated with slowed growth of the hippocampus over time. These observations indicate that the current practice of tolerating some hyperglycemia to minimize the risk of hypoglycemia in young children with T1D
may not be an optimal strategy for the developing brain. Efforts that continue to assess the factors influencing neural and cognitive development in children with T1D will be critical in minimizing the deleterious effects of this disorder.
